This paper reports results of a three-dimensional discrete element method modeling investigation of the role of boundary vibration in perturbing stick-slip dynamics in a sheared granular layer. The focus is on the influence of vibration within a range of amplitudes and on the fact that above a threshold early slip will be induced. We study the effects of triggering beyond the vibration interval and their origins. A series of perturbed simulations are performed for 30 large slip events selected from different reference runs, in the absence of vibration. For each of the perturbed simulations, vibration is applied either about the middle of the stick phase or slightly before the onset of a large expected slip event. For both cases, a suppression of energy release is on average observed in the perturbed simulations, within the short term following the vibration application. For cases where vibration is applied in the middle of the stick phase, a significant clock advance of the large slip event occurs. In the long term after vibration, there is a recovery period with higher-energy release and increased activity in the perturbed simulations, which compensates for the temporary suppression observed within the short term.
I. INTRODUCTION
The stick-slip dynamics of a sheared granular layer represents a useful simplified model of how earthquakes unfold on mature strike-slip faults. A fault system accumulates strain energy during interseismic periods, just as a granular layer does during the stick phase. A slip event is the equivalent of an earthquake on a fault [1] [2] [3] . A number of recent studies provide evidence that seismic waves radiated by an earthquake can trigger other earthquakes on near and distant faults [4] [5] [6] [7] [8] . This phenomenology is termed dynamic earthquake triggering (DET) [9] . An important feature of mature faults is that they contain granular wear material, referred to as fault gouge, within the fault zone [10] . Here we report on an investigation of DET using a granular three-dimensional (3D) discrete element model (DEM) subject to boundary vibrations. We focus on the physical mechanisms of stick-slip and the role of dynamic stresses in triggering stick-slip in a sheared granular layer.
The dynamics of stick-slip is controlled by mechanical and physical properties of the granular gouge, including its confining pressure and shear speed [11, 12] . Laboratory scale observations confirm that mechanical vibrations with adequate amplitudes can change the mechanical and frictional properties of the granular layer and thus change its macroscale response. This includes a transition from a solidlike behavior to a transient fluidlike one [13] [14] [15] [16] [17] [18] [19] . Johnson et al. hypothesized that a similar evolution of mechanical properties due to transient waves is the mechanism responsible for DET [20] . They applied transient sound vibration to sheared granular layers in a double-direct shear experimental setup and found evidence of triggered slip events when the acoustic vibration had amplitudes above a critical threshold [21] . The experiments were carried out using the apparatus developed by Marone et al. [22, 23] , which is capable of capturing a wide spectrum of the dynamic behavior of sheared granular layers, including continuous sliding, intermittent, and quasiperiodic stick-slip dynamics [14, 24, 25] . Johnson et al. observed that when vibration amplitudes corresponding to strains greater than 10 −6 are applied at the shear stress levels of approximately 95% of the failure strength, a cascade of small slip events is triggered followed by a delayed larger event. The existence of a dynamic strain amplitude threshold is indeed in agreement with the earth-scale observational studies for several dynamically triggered earthquakes (and aftershocks) [26] . Other studies also demonstrate the existence of threshold values of strain amplitude for dynamic earthquake triggering. The existence of a unique threshold strain value is an important open question, however, there is increasing evidence that in many cases DET may be governed by a threshold mechanism [27] [28] [29] . Despite the richness of experimental observations confirming the signatures of DET at laboratory scale, it still remains an open question how the small amplitudes of dynamic strain can cause triggering with regard to the grain-scale physics of the granular layer. Moreover, it is important to know if the consequences of dynamic slip triggering depend on when the vibration (or triggering source) is being applied during the stick phase [14] .
We previously investigated the role of boundary vibration on triggered slip by studying the affine and nonaffine deformation fields [30, 31] within the granular layer and by tracking their spatiotemporal evolution. The studies were carried out by implementing a 2D DEM model of a sheared granular layer [32, 33] . These studies showed that vibration itself introduces large affine and nonaffine strains, which lead to the initiation of slip at lower shear stress than an equivalent slip event without vibration. Our prior work also showed that a primary effect of boundary vibration and dynamic stressing was a clock advance of a stick-slip event compared to the onset time for the event in the reference model, which is consistent with seismological studies of dynamic triggering on earthquake faults [34] . However, these earlier works focused on the immediate influence of vibration, within the vibration interval [32, 33, 35] or only for the next expected large slip event to occur [34] . This paper extends the analysis to the triggering effects beyond the vibration interval, from a statistical point of view. The question is whether DET produces only a clock advance of a single event or the overall stick-slip dynamics changes, from a statistical point of view, after vibration application. Moreover, the three dimensionality of the present simulations adds new features in the model including significant precursory activity, creeplike behavior before slip events, and delayed triggering, i.e., triggering of a slip event long after vibration is removed, but still before the original slip event onset, so yet with a clock advance. These features were not present in our previous 2D simulations. However, both the precursory activity and delayed triggering are frequently observed in the authors' experimental setup at the Pennsylvania State University [21, 36] . Three-dimensional simulations are therefore closer to the behavior observed in the experiments.
Here we report results of 3D DEM simulations of triggered slip in sheared granular media. We investigate the effect of boundary vibration on spontaneous stick-slip dynamics. We begin by describing the modeling approach and basic metrics that are used for monitoring system behavior. Then we show the influence of boundary vibration on stick-slip dynamics by varying the vibration amplitude and evaluate the possible existence of a critical vibration amplitude for triggering. We demonstrate the short-and long-term influences of a triggering vibration amplitude on the granular energy release during slip. Vibrations are applied either in the middle of the stick phase or slightly before the onset of the spontaneous large slip event. We start with two specific examples and then present statistical analysis of the results for 30 triggered slip events. Figure 1 illustrates the simulated granular fault gouge. The model consists of three main units: a driving block at the top, a granular (gouge) layer in the middle, and a substrate block at the bottom, each defined by particles. The driving and substrate blocks are used to confine the granular gouge by applying a constant normal force in the Y direction. The top driving block moves at constant velocity in the positive X direction and applies a shear force to the granular gouge layer.
II. MODEL DESCRIPTION
Each variable or parameter in our 3D DEM model is expressed in terms of the following basic dimensional units: L 0 = 150 μm, t 0 = 1 s, and M 0 = 1 kg, for length, time, and mass, respectively. Here L 0 represents the largest particle radius within the overall DEM model.
The driving and substrate blocks are modeled as systems of spherical bonded particles. The structure of these two blocks allows for dynamic interaction with the granular gouge layer during shear, analogous to tectonic blocks in a fault system. The driving and substrate blocks consist of two sublayers. The first sublayer [top layer (brown colored particles) for the driving block and bottom layer (red colored particles) for the substrate block] consists of a hexagonal-close-packed (hcp) arrangement of particles with radius L 0 . This layer ensures the flexural rigidity of the driving and substrate blocks, while allowing elastic deformation and dynamic interaction. The second sublayer [roughness layer (dark and light blue colored particles)] consists of particles with radii distributed within [0.3; 1.0]L 0 . These roughness layers are meant to increase the roughness in the interaction of the driving block or substrate with the granular gouge layer [37] . A periodic boundary condition is employed in the X direction and the length of the system in the X direction is 70L 0 . The driving and substrate blocks have thickness in the Y direction of approximately 7.0L 0 . Furthermore, the ratio between the roughness layer thickness and the hcp layer thickness is about 0.32. The particle interaction of both the hcp and roughness layers is modeled by radial springs [38, 39] [40] . The thickness in the Z direction, L Z , (orthogonal to the Y direction) is chosen as 5.46L 0 , which is L Z ≈ 6d. We verified that the stick-slip dynamics and its statistical features remain unchanged for L Y 6d and L Z 6d and that the system-spanning slip events are observed in all these simulations. For more information on the analysis performed on the size sensitivity of the simulations, we refer to the supplemental materials of an earlier paper published by the authors about our reference simulations [41] . The granular gouge layer particles interact with each other and with particles of the driving block or substrate via a repulsive Hookean spring with radial and tangential components that represent normal (to the contact plane) and frictional forces, respectively [38, 39] 0 . The frictional interaction among the granular gouge particles is implemented similarly to the model proposed by Cundall and Strack [42] . The tangential contact force is chosen as the minimum value of K s s and the Coulomb threshold value μF r , at each time step, where s is the tangential component (to the contact plane) of the particles displacement and μ is the friction coefficient between the two particles' surfaces and can be either static μ s or dynamic μ d . We chose friction coefficient values of μ s = μ d = 0.4 to produce a macroscopic frictional behavior corresponding to quartz sand aggregates. The frictional interaction between the granular gouge particles and the roughness layers' particles is modeled in the same way with the friction coefficients of μ s = μ d = 0.7. These values were selected based on a parametric study to enhance the stick-slip behavior by increasing the frictional interaction at the interface between the two layers.
The particle assemblies of the roughness layers as well as of the granular gouge layer were initially generated using a space-filling particle insertion method [43] . There are totally 5092 particles in the model. The number of particles in each layer is noted in Fig. 1 . The type of packing algorithm and the chosen size range for the granular gouge particles result in a quasiuniform particle size distribution. Figure 2 shows the particle size distributions of both the roughness and granular gouge layers. The walls orthogonal to the Z direction have frictionless elastic repulsive interactions with the particles. These walls have the same elastic stiffness as of the granular gouge layer particles. In the Y direction, the first rows of the hcp layers' particles (those particles in contact with the walls) of the driving and substrate blocks are bonded (attached) to the walls to transfer the shear loading efficiently from the walls to the granular gouge layer. These Y -direction walls have also the same elastic stiffness of the particles in contact with them.
Each simulation run consists of two stages. During the first stage, the consolidation stage, no shear load is imposed and the granular gouge layer is compressed by the vertical displacement of both the driving block and the substrate. The displacement continues until the applied normal stress on the granular gouge layer equals the desired value of σ n = 40 MPa. The second stage of each simulation run starts after the consolidation stage and consists in keeping the normal load constant on the driving block while applying a constant velocity of V X,0 = 0.004
to the top particles of the driving block. The imposed velocity introduces a shear load to the granular system. A ramp protocol is employed for gradually increasing the shear velocity from 0 to V X,0 [32] [33] [34] . The confining pressure and shear velocity are found to be among the most important parameters determining the type of dynamical regime of the granular layer [44] . The shear velocity and confining pressure have been selected after a parametric study to identify the pair values of confining pressure and shear velocity (σ n -V X,0 ) that lead to stick-slip dynamics. The simulation parameters have been selected to achieve stick-slip dynamics and then use this to investigate microscopic mechanisms of slip triggering. The values that are used here are not aimed to represent totally real scale observations but to provide the same global characteristics.
The simulations that are not exposed to any vibration are called reference runs, while the simulations with vibration are called perturbed runs. In the specific case of the perturbed (also called triggered) runs, i.e., when external vibration is applied, an additional boundary condition consists in imposing a displacement in the Y direction for the bottom particles of the substrate. The temporal displacement of this boundary displacement is modeled as
where
In Eqs. (1) and (2), t = m t ∀ m = 0,1, . . ., is discretized time and t is the simulation time step. Equation (1) represents a sinusoid with angular frequency ω = 2πf 0 , with f 0 = 1 kHz, whose amplitude is modulated in time by a waveform with a Gaussian-like shape, given by Eq. (2). This vibration frequency is the minimum sound frequency of vibration in the laboratory experiments by Johnson et al. [21] . In Eq. (1), t represents a phase shift term for centering the temporal window of the vibration at different times during the stick-slip dynamics. We use τ = 0.01 and T ν = 0.02 in Eq. (2) and they play, respectively, the roles of a rising or decaying time constant and width for the displacement waveform. In Eq. (1), A is the the vibration peak amplitude value.
For the implementation of the model, we used the open source code ESYS-PARTICLE, developed at and maintained by the Earth Systems Science Computational Center of the University of Queensland, Brisbane, Australia. ESYS-PARTICLE solves Newton's equations of motion for the center of mass of each particle by a first-order explicit finite difference scheme and for the rotation angles about the center of mass by a finite difference rotational leapfrog algorithm [45] . The finite difference time step t = 15 × 10 −6 t 0 is small enough to guarantee numerical stability and to satisfy the sampling theorem for a vibration signal with maximum frequency f max = 20 kHz. We initially use a range of vibration amplitudes that includes A = {1,10,20,30,40,50,60,70,80,90,100} × 10 −7 L 0 . The stick-slip behavior of the granular gouge layer is monitored by its friction coefficient time series. The friction coefficient μ is defined as the ratio of shear stress developed at the boundary layers to the imposed normal stress. The size of a slip event is calculated based on the kinetic energy released during slip by the granular gouge layer during the event occurrence. The kinetic energy of each j th particle belonging to the granular gouge layer K j is defined as
is the j th particle translational kinetic energy and K rot j is its rotational kinetic energy. We define the total kinetic energy for the overall granular gouge layer as K tot ≡ j =1,...,M K j , with M the total number of granular layer particles. At the onset of a slip event, the kinetic energy increases sharply from the background level. The largest increase in the kinetic energy, which originates from the loss of potential energy stored in particle contacts, occurs at the moment of a slip event. The total energy released during a slip event with a length of N time steps of size t is defined as E = N i=1 (K tot − K tot,0 )γ t, where γ is the shear strain rate of the driving block, which is calculated as the temporal derivative of the ratio between the driving block top layer displacement and the granular gouge layer thickness (units t −1 0 ). The shear strain rate is nearly constant over the time period of a slip event and is used to obtain the correct units of energy for E after the integration in time.
As mentioned earlier, we have described the basic behavior of our reference 3D DEM model stick-slip behavior in an earlier work [41] . The packing fraction in the simulation is ∼0.58 at the beginning of stick phases and the packing fraction gradually decreases while the granular layer dilates during the stick-phase phase to ∼0.56. In our model, we call those slip events with
0 large slip events. The distribution of large slip events in our model follows a power law with β 1.23. The β value complies with observationally found values for earthquakes [46] [47] [48] . In addition, large slip events in our 3D DEM model are preceded by a sequence of small slip events, microslips, whose occurrence increases exponentially before the large slip event onset [41] .
III. RESULTS
Figure 3(a) shows the friction coefficient time series μ for a reference (black line) and its corresponding perturbed runs (colored lines) for a range of vibration amplitudes. The vibration interval is illustrated with vertical dashed lines and a gray box. The reference run time window shows the stick phase of a large slip event happening at t = 248.7t 0 . This figure shows that vibration amplitudes A < 6 × 10 −6 L 0 do not change the time location of the large slip event, while vibration amplitudes A 6 × 10 −6 L 0 cause a significant clock advance of the large slip event in the perturbed runs compared to the reference run. The other interesting feature of triggering shown in this figure is a reduction of the friction coefficient during the vibration interval for vibration amplitudes A 2 × 10 −6 L 0 . We refer to this friction reduction during the vibration interval as frictional weakening. We investigated this phenomenon in detail in an earlier work [35] . The current study is focused on the triggering influence on the next upcoming large slip event.
The kinetic energy signal for the reference and perturbed runs are shown in Fig. 3(b) . During a large slip event, the kinetic energy abruptly increases above its background level. This corresponds to a transfer of energy from the elastic potential energy to the kinetic. For vibration amplitudes A < 6 × 10 −6 L 0 , there exists a mild and temporary decrease of the friction coefficient during the vibration interval. However, the friction coefficient value goes back to its background value following the end of the vibration and the reference large slip event takes place with almost no clock advance. For A 6 × 10 −6 L 0 , the large slip event takes place with a clock advance and an energy release smaller than the reference large slip event.
To explore the granular contact network rearrangement and its possible implications for triggering influence, we look at the ratio of sliding contacts in the granular layer [49] . We show in Fig. 3(c) the ratio of the number of slipping contacts to the total number of contacts in the granular gouge layer, called the slipping contact ratio (R SC ), for the reference and perturbed runs. Slipping contacts are those contacts that reach the grain-scale dynamic friction μ d in contrast to the sticking contacts that maintain the grain-scale static friction μ s . The grain-scale dynamic friction regime occurs when a contact tangential force exceeds the product of the static friction coefficient and the normal contact force (F t > μ s F r ). For the reference run, at the beginning of the stick phase, the R SC is about 0.01. As the macroscopic friction coefficient increases, the shear force between the particles increases, hence the R SC increases until it reaches a value of about 0.04. From this level on, the R SC slightly and gradually increases until it reaches a critical value of about 0.06, where the large slip event takes place. The R SC is a measure of the critical shear loading of the granular layer, showing which portion of contacts are fully mobilized. The critical R SC value controls the lower bound of the isostatic coordination number for frictional packings, therefore its increase forces the medium from a marginally (shear-)jammed to unjammed state [50] [51] [52] . Following the start of the vibration interval, the R SC begins to increase even with quite small boundary vibrations, in correspondence with the frictional weakening and destabilization or mobilization of the granular layer. The R SC reaches a maximum at about the peak of the vibration displacement signal. After the vibration interval, the granular layer stabilizes, which is accompanied by first a decrease in R SC and then an increase in the background level due to shearing. After this period, the R SC value recovers slowly back to its reference level and trajectory for small amplitudes A < 6 × 10 −6 L 0 . However, for large amplitudes A 6 × 10 −6 L 0 , when the R SC value decreases to a value lower than its value at the beginning of the stick phase 1 (shown by a dashed line), it does not go back to the reference level after the vibration has stopped. The decrease of R SC is then followed by an increase much higher than the background level (above the values achieved in the stick phase, R SC > 0.06), which leads to instability and the granular layer cannot sustain its current shear stress level for long.
We can estimate the strain induced by the vibration as = ). So far we have explained by an example the influence of triggering, within a range of amplitudes, on the short-term spontaneous stick-slip behavior. We now move on to compare the behavior of the perturbed run with the reference run, in 2 The density of the granular layer ρ is calculated as the ratio of the mass of the total number of particles to the volume of the granular gouge layer at its sheared confined state. The density of a single particle in our DEM model ρ s is chosen as 2.9 × 10 11 kg/m 3 . The choice of ρ s is based on a density scaling scheme [53] [54] [55] that is frequently used in DEM modeling studies to increase the simulation time step ( t ∝ √ ρ s ) and to make the simulations computationally feasible. At the same time, we checked that the inertia number [56] [57] [58] of the DEM runs is always below 10 −6 to ensure that the behavior remains in the quasistatic regime and the density scaling effects would be negligible.
both the short and long term after the application of vibration. The vibration interval is applied either at about the middle of the stick phase or very close to the onset of a large slip event. We investigated both types of vibration applications for 30 distinct large slip events. We use vibration amplitude A = 7 × 10 −6 L 0 , large enough to cause a clock advance in an upcoming large slip event.
A. Vibration about the middle of the stick phase Figure 4(a) shows the friction coefficient signal for the reference run (black line) and a perturbed run (blue line) as an example for the case when vibration is applied at about the middle of the stick phase. We use a normalized time (to failure): t norm = −1 corresponds to the beginning of the stick phase of a reference slip event, while t norm = 0 corresponds to the time the slip or failure takes place in the reference run. The vibration interval center is shown with an arrow in the figure. The vibration amplitude is A = 7 × 10 −6 L 0 and, as expected from the earlier observations, it induces a clock advance in the upcoming large slip event. Figure 4(b) illustrates the kinetic energy signal for these reference and perturbed runs. This figure indicates that the energy release of the triggered slip event is less than the energy release of the upcoming slip event in the reference run. The cumulative energy release is defined asẼ(t) = and perturbed runs is plotted in Fig. 4(c) . The difference between the cumulative energy release of the perturbed run and the reference run (Ẽ pert −Ẽ ref ) is presented in Fig. 4(d) . Figure 4 (d) demonstrates the clock advance in the energy release of the perturbed run, followed by a temporary suppression of energy release. The suppression of energy release is due to the earlier and smaller events in the perturbed run. This suppression of energy release does not last for a long time (in this example it lasts until t norm ≈ 0.5), as shortly there will be a series of slip events that compensates for the suppression and brings the value ofẼ pert −Ẽ ref to positive levels. This means there is more energy release in the perturbed run compared to the reference for a certain amount of time 0.5 < t norm < 3. We call this interval in the perturbed run the recovery period from the initial suppression. corresponds to the middle size range of the smallest events that show some precursory activity in our 3D DEM model [41] .
ensures that all events that have some precursory activity, which thus result from significant shear loading of the granular layer, are included. This figure indicates that during 0.5 < t norm < 1, slip events take place successively in the perturbed run. These slip events in the perturbed run have recurrence time smaller than the slip events that take place in the reference run during the same time interval.
We performed the same type of triggering simulations (vibration amplitude A = 7 × 10 −6 L 0 ) for 30 large events selected from different independent reference runs with different initial particle position. The averageẼ pert −Ẽ ref signal for these 30 large events is presented in Fig. 5(a) . The results, similar to the example described above, show a clock advance of the large events, on average, followed by a suppression of energy release until t norm ≈ 3. The suppression of energy release is compensated for later on by a period of higher energy release and activity, termed recovery, in the perturbed runs compared with the reference runs. The recovery period can on average last until t norm ≈ 5 in the perturbed runs. (ii) In the suppression time period (0 < t norm 3), more than 90% of the realizations show an abrupt energy suppression immediately after t norm = 0. As we get farther from t norm = 0, the intensity of the energy suppression gradually decreases and the probability of 
B. Vibration close to the onset of a large slip event
The friction coefficient signal for the reference and perturbed runs of an example simulation when vibration is applied in the vicinity of the large slip event is presented in Fig. 7(a) . The vibration amplitude is A = 7 × 10 −6 L 0 . We observe that, upon applying vibration at this time, the triggered large slip event takes place almost at the same location as in the reference run. The kinetic energy signal in Fig. 7(b) shows that the energy release of the triggered event is less than the reference case. The cumulative energy releaseẼ(t) for the reference and perturbed runs is presented in Fig. 7(c) and indicates the occurrence of perturbed slip events almost at its reference location with slightly lower energy release than the reference events. Figure  7(d) illustrates the difference between the cumulative energy releaseẼ(t) of the perturbed run and that of the reference run (Ẽ pert −Ẽ ref ). It indicates that, following triggering, there is a temporary interval of energy suppression in the perturbed run compared to the reference. However, this suppression, similar to when the triggering is applied at about the middle of the stick phase, is compensated for shortly after with a sequence of slip events that results in an overall higher energy release in the perturbed run compared to the reference until t norm ≈ 3.2t 0 .
Figure 7(e) shows the recurrence time for slip events with size
in the reference and perturbed runs. Similar to when the vibration is applied in the middle of stick phase, here also we observe that during 1 < t norm < 3.2, a sequence of slip events with smaller recurrence time takes place in the perturbed run.
The results of the triggering simulations of 30 large events selected from different independent reference runs are presented in Fig. 8 . These 30 reference runs are the same as those used for the study of vibration applied in the middle of the stick phase. The results show on average a suppression of energy release in the perturbed simulations until t norm ≈ 3.5. The suppression of energy release is followed by a recovery period of higher energy release and higher activity during interval t norm = [3. 5, 5] . 
IV. DISCUSSION AND OUTLOOK
Our investigation shows that large enough vibration amplitudes A 6 × 10 −6 L 0 cause a significant clock advance of an upcoming large slip event in a sheared granular layer similar to the experiments of Johnson et al. and in some studies in the earth [4, 26, 59] . We observe that the perturbed runs show a significant decrease of the slipping contact ratio R SC toward the end of the vibration interval and shortly after it terminates. The decrease of the slipping contact ratio is followed by a slow recovery to its reference value after the removal of vibration, if the vibration amplitude is A < 6 × 10 −6 L 0 . The dependence of this recovery time on the shear rate should be further investigated. If A 6 × 10 −6 L 0 , the R SC value decreases to its initial level at the beginning of the stick phase and does not recover to the reference trajectory. The decrease of R SC to a value at the beginning of the stick phase suggests that the medium is unable to sustain its current high shear stress level and we subsequently observe a significant clock advance of the slip event for these cases. The significant change of the R SC is believed to be accompanied by a weakening of the granular medium expressed by a reduction of its shear modulus. This follows the hypothesis proposed in [18, 20] about the change of the shear modulus of the granular layer following large enough acoustic perturbations.
The suppression of the energy release when vibration is applied in the middle of the stick phase is due to the fact that the large event takes place with a clock advance (earlier) in the stick phase. This means that less energy is stored in the granular layer and a smaller event, accompanied by temporary energy release suppression, is expected. The following recovery period of increased energy release and higher activity in the granular layer is then expected from the energy conservation point of view. One has to remember that energy is continuously supplied to the system by the shear load. As a consequence of this continuous supply, one can think of a sort of energy conservation within the system.
The distributions ofẼ pert −Ẽ ref for 30 realizations show an abrupt increase of the negative values shortly after the reference event location for both cases, when vibration is applied either in the middle of the stick phase or close to the event onset. This implies the significance of the energy suppression influence after triggering. The suppression influence is followed by a recovery period of higher energy release and increased activity in the granular layer, during which the probability ofẼ pert −Ẽ ref > 0 constantly increases, until it reaches and fluctuates around 50%, hence equal to the probability ofẼ pert −Ẽ ref < 0. It would be useful to investigate the evolution of the granular layer properties including its shear and compression moduli during these two intervals.
In earth, dynamically triggered earthquakes seldom occur instantaneously but often with some delay, long after the triggering strain has passed [7, 9, 60] . In addition, a period of increased seismicity has been observed and sustained for days to weeks in some delayed triggering scenarios [6] . The energy suppression and the subsequent recovery, consisting of higher energy release and increased activity period in our DEM model, can explain the abundance of observations that support delayed dynamically triggered events in the earth as well as the difficulty and possible controversies in the identification of (dynamically) triggered earthquakes [61, 62] .
An increase in the density of larger events (events with moment magnitude M 5) following the dynamic triggering by the 11 April 2012 east Indian Ocean earthquake has been reported for distant triggered earthquakes globally as well as in individual regions, for example, the Gulf of California [59] . This change, associated with the DET phenomenon, also involves an increase in the seismicity rate (or equivalently a decrease in the recurrence time) of events with moment magnitude M 5 in the individual triggered regions as well as distant triggered regions worldwide [59] . The decrease in the recurrence time has also been reported for experiments of acoustic slip triggering in sheared granular layers by Johnson et al. [21] . 
V. CONCLUSION
In this work we investigated the influence of boundary vibration on stick-slip dynamics of sheared granular layers. We used a range of vibration amplitudes for slip triggering and show that above a critical amplitude A 6 × 10 −6 L 0 , vibration and dynamic stressing cause a significant clock advance of large stick-slip events. We linked the observed clock advance for A 6 × 10 −6 L 0 to a major decline in the slipping contact ratio R SC of the granular gouge layer and showed that in these cases the R SC cannot recover to its reference trajectory. We used the triggering amplitude to investigate the size of the triggered slips (in terms of energy release during slip) and its evolution for two cases: (i) vibration applied at about the middle of the stick phase and (ii) vibration applied close to the event onset. In both cases, we observed a suppression of energy release in the perturbed simulations, in the short term after vibration. For the case when vibration is applied at the middle of the stick phase, a significant clock advance of the large slip event occurs. In the long term after vibration, there is more energy release and higher activity in the perturbed run, which compensates for the temporary suppression of energy release within the short term after vibration. The energy suppression and the subsequent recovery, higher energy release, and increased activity period in our DEM model can explain the abundance of observations that support delayed dynamically triggered events in the earth as well as the difficulties in the identification of triggered earthquakes.
